A B S T R A C T The mechanism of pemphigus acantholysis has been studied with an in vitro system. Freshly prepared human skin epidermal cells were incubated in F-10 medium which contained the immunoglobulin G fraction from either pemphigus serum or normal human serum. During 18-h incubation periods, the pemphigus antibody became bound to the surface ofthe epidermal cells, caused the destruction of 75% of the viable cells as compared to only 14% in the normal immunoglobulin G controls (trypan blue exclusion), prevented the accumulation of newly synthesized proteins by nearly 60% as determined by radioactive tracer studies, and caused a dramatic shift in distribution of the newly synthesized proteins from an insoluble cell-associated fraction to an extracellular soluble fraction. These effects on the accumulation and partitioning of newly synthesized proteins were antibody concentration-dependent. Kinetic studies showed that at a fixed pemphigus antibody concentration the inhibition of protein accumulation preceded solubilization by about 1 h, at which time rapid solubilization of up to 70% of the insoluble cellular material occurred. Several lines of evidence suggested that this phenomenon was caused by enzymatic activity. Epidermal extracts solubilized a prepared substrate of radioactively labeled insoluble epidermal cell material. This activity was heat labile and pH dependent, with pH optima ranging from 4.5 to 6.5. Enzymes with pH optima between 6 and 6.5 were recovered in the culture medium after a 2-day incubation of pure, intact epidermis with the pemphigus antibody.
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We propose the following hypothesis to account for pemphigus acantholysis. The pemphigus antibody reacts with the epidermal cell surface and produces INTRODUCTION Pemphigus is a human disease characterized clinically by flaccid blisters which arise in stratified squamous epithelia of the skin and mucous membranes. Histologically, the blisters occur within the epidermis and the lesions are characterized by the presence ofdistinctive acantholytic cells (1) . It has been shown that immunoglobulin (Ig)G antibodies are bound to the suprabasilar epidermal cells of patients with pemphigus (2) and that circulating serum IgG antibodies directed toward the epidermal cells are also present (3) .
Definitive evidence that serum from pemphigus patients can produce the characteristic histological lesion of pemphigus has been established in organ culture studies with human (4) (5) (6) (7) (8) or monkey (9) skin. The antibody binds to the epidermal cells before the onset of acantholysis. Schiltz and Michel (6,7) demonstrated that (a) the IgG fraction from the pemphigus serum was responsible for the tissue damage, (b) acantholysis occurred without participation of complement, and (c) the suprabasilar epidermal target cells responded to the antibody by a net reduction in the accumulation of newly synthesized RNA and protein. Barnett et al. (10) and Hu et al. (11) have verified that the ultrastructural events which occur in culture of monkey or human skin, respectively, are similar to those which occur in spontaneous pemphigus (12) .
Even though much new information concerning pemphigus acantholysis has been gained with skin in organ culture, this system has limited potential for biochemical studies of the mechanism. Consequently, we have studied the effects of the pemphigus antibody on human epidermal cells cultured as single cells in suspension or as intact epidermis. Our results suggest that the binding of the antibody to the epidermal cell initiates a series ofevents which result in the release or activation of hydrolytic enzymes from the cell and subsequent autolysis and acantholysis.
METHODS
Preparation and labeling of epidermal cell suspensions. The suspensions were prepared by a two-step process. In the first step, human skin pieces (1 cm2 x 0.3-mm thick) were incubated 1-2 h at 4°C with 0.4% trypsin (13) in Simm's Ca++-Mg++-free medium, and the epidermis was then separated from the dermis with a dissection microscope. In the second step, the epidermis was placed in 0.25% trypsin in Simm's Ca++-Mg++-free medium at 37°C for 1 h, and accompanied by frequent shaking. Single cells and small clumps which were liberated were separated from the larger clumps and stratum corneum by passing over two layers of sterile lens paper (Fisher Scientific Co., Pittsburgh, Pa.) in a Swinney filter apparatus and the suspension was washed three times in F-10 medium that contained 10% fetal calf serum. This procedure yields from 1 to 5 x 105 cells per cm2 of epidermis and the viability ranges from 80 to 90% (trypan blue exclusion).
In all the experiments to be described, the cells were incubated in F-10 medium (14) which contained 0.01 times the normal concentration of amino acids plus purified pemphigus IgG or control human IgG plus a labeled amino acid mixture (NET-250 New England Nuclear, Boston, Mass.). No additional proteins were added to the incubation medium. The IgG fractions from pooled normal or pemphigus sera were prepared by a multiple ethanol precipitation procedure (15) , and the final IgG precipitates were dissolved in and dialyzed extensively against F-10 medium. We have previously shown by immunoelectrophoresis that these fractions consist almost entirely of IgG (7) . Because it is known that antibloodgroup antibodies react to antigens in the epidermis (16) , serum from normal individuals with blood type AB was the source of the normal IgG. The titers of intercellular cement substance (ICS)l antibodies were determined in the reconstituted pemphigus IgG stock solutions, and the titers used for the experiments were calculated, based upon dilution of these more concentrated stocks. Titers were determined with monkey esophagus as substrate, according to Beutner et al. (17) The protein concentration of the normal IgG for a given experiment was adjusted to that ofthe pemphigus IgG (20-40 mg/ml). The incubations were at 37°C in a humid atmosphere of 5% CO2:95% air.
Preparation offractions I, II, and III from epidermal cells. A simple cell-fractionation scheme was devised to study the radioactive proteins synthesized by epidermal cells in culture. This scheme allowed for quantitation of the total newly synthesized proteins as well as evaluation ofthe partitioning ofthese proteins into an extracellular, medium-soluble fraction (fraction I), an intracellular, water-soluble fraction (fraction II), and a water-insoluble fraction (fraction III). Fraction I represents soluble proteins released from the cells into the medium during incubation with the isotope. Fraction II defines those soluble components released from cells after disruption by freeze/thaw. This fraction contains the soluble proteins from within the cell, and those which were solubilized by the freeze/ 'Abbreviation used in this paper: ICS, intercellular cement substance. thaw technique. Fraction III contains water-insoluble cellular components and probably represents the major structural components of the cell. The following procedure was used to prepare these fractions. Fraction I: Atthe end ofthe incubation period, 2-3 ml of phosphate-buffered saline (pH 7.2) was added to each culture tube. The tubes were centrifuged at 1,700 rpm for 5 min in the clinical centrifuge, and the supemate was removed. Fraction II: The cell pellet was suspended in 3 ml distilled water, and the cells were ruptured by three cycles of freeze/thaw (dry ice in acetone followed by 37°C water bath). The broken cell suspension was centrifuged at 2,500 rpm for 10 min in the clinical centrifuge, and the supemate removed. Fraction III: This last water wash was repeated twice and the supemates pooled with Fraction II. The remaining pellet was suspended in 3 ml distilled water. All three fractions were then dialyzed 24 h against running tap water followed by 24 h dialysis against distilled water. All dialysis was at 4°C. Partitioning was determined by measuring the radioactivity of aliquots in a Beckman LS 230 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.) with a Triton X-100-based aqueous scintillation fluid (Rohm and Haas Co., Philadelphia, Pa.) (18) . All counts per minute were corrected to disintegrations per minute with the use of the external standard on the scintillation counter.
Immunofluorescence. Immunofluorescence was used to demonstrate pemphigus IgG binding to epidermal cells. An epidermal cell suspension was incubated 1 h at 37°C in 0.5 ml of F-10 medium which contained pemphigus IgG (25 mg/ml antibody protein, anti-ICS titer = 160 on monkey esophagus substrate). The cells were then centrifuged (1, Preparation of 3H-labeled substrate for hydrolytic enzyme assays. Insoluble, 3H-labeled epidermal cell material was used as a substrate for the enzyme assays. Whole human skin pieces (4 mm2 x 0.3-mm thick) were immersed in 5 ml of F-10 medium (without antibodies) which contained 3 1Ci/ml 3H-amino acid mixture and incubated 48 h in the CO2 incubator. The labeled epidermis was removed from the dermis by the heat/cold treatment, sonicated, passed over lens paper to remove the larger pieces, and the insoluble material from the filtrate collected by centrifugation at 15,000 g for 10 min. To reduce the background solubilization of this material, the pellet was suspended in 10 ml of 2% phosphotungstic acid in 0.1 N HCI, sonicated to provide a finer suspension, and again centrifuged at 15,000 g for 10 min. washed three times, resuspended, and dialyzed against distilled water. This labeled substrate was adjusted to contain approximately 10,000 dpm and 75-100 jig protein/0.05 ml, and stored frozen until ready for use. Enzyme assays. The following assay system was used to determine the capacity of fraction I, fraction II, epidermal extracts, or culture medium to solubilize tritium-labeled epidermal material. Assays were carried out in 0.4 ml polypropylene centrifuge tubes (Arthur H. Thomas Co., Philadelphia, Pa.). The incubation mixture consisted of 0.05 ml of the enzyme source + 0.05 ml of 0.45 M potassium phosphate buffer (at the specified pH) + 0.05 ml of the 3H-labeled substrate. Replicate tubes were then capped and incubated 20 h at 37°C in a water bath. Appropriate controls included normal or pemphigus IgG in F-10 medium which had incubated in the absence of epidermis, or distilled water in the case of the epidermal extract. After incubation the tubes were centrifuged in a Beckman 152 Microfuge (Beck-man Instruments, Inc., Spinco Div., Palo Alto, Calif.) for 4 min, and 0.1 ml of the supernate was removed and counted in the liquid scintillation counter. The remaining pellet was suspended in distilled water, counted, and the percentage of the total radioactivity recovered in the supernate was calculated. Solubilization activity was expressed as change of percent soluble = percent solubilized by the test solution -percent solubilized by the control solution. Background solubilization by the control solutions varied according to the pH of the assay, but usually did not exceed 5% of the total labeled substrate.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis.
For the double-label experiment shown in Fig. 5 , an epidermal cell suspension which contained approximately 107 cells was divided in one-half. One-half was incubated 16 h in 1 ml F-10 medium which contained 37 mg normal IgG + 20 ,uCi [3H]glycine and one-half in 1 ml F-10 medium which contained 37 mg pemphigus IgG (anti-ICS titer = 160) + 20 ,uCi [14C] glycine. The labeled cultures were sonicated, dialyzed extensively against distilled water, and mixed so that there were approximately equal counts per minute from 3H and 14C. The mixtures were adjusted with a stock buffer solution to achieve a final concentration of 0.01 M sodium phosphate buffer, pH 7.0 plus 1.0% sodium dodecyl sulfate with or without 3% 2-mercaptoethanol. The samples were then boiled 3 min in a water bath and electrophoresis was performed on 6 mm x 70 mm 5% polyacrylamide disc gels at 8 mA/tube. The gels were cut into 2-mm slices and solubilized by heating 6 h in capped scintillation minivials (Fisher Scientific Co.) which contained 0.2 ml 15% H202. The radioactivity from 3H and 14C in each slice was determined by a standard double-label counting technique. Molecular weight standardization of the gels was performed with partially reduced human IgG.
RESULTS
Effects of normal and pemphigus IgG on whole human skin in culture. The effects of normal or pemphigus IgG on cultured normal human skin is shown in Fig. 1 . After 72 h in culture, the control explant (Fig. 1A ) displayed typical artifacts of organ culture, including edema, cellular disorientation, epiboly (growth of the epidermis around the dermis), and the presence of an extensive parakeratotic layer. In contrast, explants which contained pemphigus IgG showed features typical of pemphigus vulgaris lesions. These included a suprabasilar split and the presence of large numbers of acantholytic cells, which are isolated, spherical cells with pyknotic nuclei surrounded by a clear "halo", and an intensely eosinophilic cytoplasm. These cells are characteristic of pemphigus.
Pemphigus IgG binding to epidermal cell suspensions. An epidermal cell suspension was tested by immunofluorescence to determine if the individual cells retained antigen(s) capable of reacting with the pemphigus antibody. As seen in Fig. 2 , 60-70% of the cells showed intense fluorescence which was concentrated on the surface. We assume that the antigens were lost in the remaining cells, possibly as a result of trypsinization, or that they were not present in the intact epidermis. In suspensions which had incubated with normal IgG, only an occasional fluorescent cell was seen.
Effects of normal and pemphigus IgG on epidermal cell suspensions. Table I contains the results of five separate experiments in which epidermal cell suspensions were incubated with a 3H-amino acid mixture for 18-h periods in the presence of pemphigus IgG or normal human serum IgG. The variations in total incorporation of radioactivity among the five experi-FIGURE 2 Fluorescence photomicrograph of an epidermal cell suspension which had incubated 1 h with F-10 medium which contained pemphigus IgG and then stained with a fluoresceinconjugated, goat antihuman IgG (x250). Table I are a result of inherent differences in skin samples, cell numbers, amounts ofradioactivity, and antibody concentrations used. However, these factors were always controlled within a given experiment. Consequently, the differences in each experiment between the effect of normal IgG and pemphigus IgG were a result of the effects of the antibodies. Relative to the controls, pemphigus IgG caused a dramatic reduction (57+11%) in the total accumulation of newly synthesized proteins during the 18-h incubation periods. Furthermore, the viability of the cells, as assessed by trypan blue exclusion at the start and at the finish ofthe incubations, showed only 14% ofthe viable cells incubated with normal IgG were killed as compared to 75% of those incubated with pemphigus IgG. There were also striking differences in partitioning of newly synthesized proteins into fractions I, II, and III (Table I, (Fig. 3, upper panel) increased with increasing antibody concentrations up to about 4.5 mg/ml (ICS titer = 50), although at the lower concentrations the pemphigus IgG caused a significant increase over the controls. We have no explanation for this "low-dose" effect of the pemphigus IgG, but the phenomenon appears to be reproducible. At higher antibody concentrations, total protein accumulation in the controls remained constant, whereas pemphigus IgG caused a reduction. Maximal reduction occurred at a pemphigus antibody titer of 150, and the extent of the reduction (_65% in this experiment) was similar to the experiments listed in Table I Fig. 4 . The sum of the radioactivity present in fractions I, II, and III after incubation with normal IgG or with pemphigus IgG are plotted in the upper panel. In the controls, proteins continued to accumulate throughout the 4 h of the experiment, although at declining rates. In the presence of the pemphigus antibody, the rates of accumulation paralleled the controls during the first 1.5 h, at which time further accumulation ceased. The effect of control IgG on the accumulation of fractiohs I, II, and III is shown in the center panel of Fig. 4 . The labeling of the extracellular fraction I occurred rapidly and after 30 min accounted for about 80% of the total radioactive material. After 60 min this material began to reach equilibrium and after a lag period, fraction III began to accumulate. The intracellular fraction II accumulated at a constant rate and accounted for only 10-15% of the total radioactivity throughout the experiment. The IgG. The preceding experiments showed that the major effects of pemphigus IgG on human epidermal cells were to prevent the accumulation of newly synthesized proteins and to lead to solubilization of insoluble proteins. As an initial approach to defining the mechanism(s) of these two phenomena, a double-label technique was employed which allowed for direct comparison of the molecular weight profiles of the proteins accumulated by epidermal cells cultured with normal or pemphigus IgG. The results are shown in Fig. 5 . In the upper panel it is seen that in cells treated with control IgG (closed circles) six or seven major molecular weight groups of proteins were present. These ranged in size from about 124,000 to 12,000 mol wt units. In samples reduced with mercaptoethanol (lower panel, closed circles) the larger 124,000-mol wt species disappeared and, as shown by crude measurement of peak areas or peak heights, was probably converted to smaller species of 43,000 and 27,000 mol wt units. The profile of proteins which accumulated in the presence of pemphigus IgG was quite different. A much larger percentage of the total radioactivity was found in the large molecular weight peak (upper panel, open circles), and no peaks were seen at 70,000, 43,000, and 12,000 mol wt units. Mercaptoethanol treatment re- p H FIGURE 6 Activity vs. pH profiles of extracts from human epidermis. Epidermal extracts were prepared from normal human skin and assayed for the capacity to solubilize radioactively-labeled insoluble epidermal cell material (Methods). Each point represents an average value of duplicate assays from three separate experiments. Each experiment used skin from a different patient, each -a 20-cm2 area. Each assay tube contained -12,000 dpm 3H-substrate (80 jAg protein). The average background solubilization by the distilled water controls was 4.9+1.1% of this radioactivity.
shown that extracts from normal human epidermis had the capacity to solubilize this labeled substrate. The solubilizing activity was pH-sensitive with broad pH optima between 3 and 6.5 (Fig. 6 ). This suggested that more than one enzyme was involved. The enzymatic nature of the solubilization was further shown, because boiling the extracts for 15 min destroyed the activity and 60-70% of the solubilized radioactivity was dialyzable.
To determine if pemphigus IgG caused release of enzymes from the cell, we assayed for hydrolytic activity in fractions I and II from cell suspensions which had incubated 18 h with normal or pemphigus IgG.
These fractions did possess activity, but the total which could be demonstrated from cell suspensions was quite small, and amounted to < 10% of that seen in epidermal extracts. In an attempt to increase activity, we modified the previous experiment and cultured intact whole epidermis for 48 h in normal or pemphigus IgG and again assayed fractions I and II. The assays were conducted between pH 3 and 7.5 to distinguish between acid and neutral hydrolases. When the activity vs. pH profiles of these fractions were compared (Fig. 7) , it is clear that in cultures which contain epidermis and pemphigus IgG, most of the hydrolase activity was Hours FIGURE 8 Time-dependent solubilization of radioactive substrate by PI. Fraction I from cultures which had incubated 48 h with pemphigus IgG (PI) was incubated with labeled substrate at pH 6.5. At the indicated times, samples were centrifuged and the soluble radioactivity determined. Each point represents the average soluble radioactivity from three tubes, each containing 14,500 dpm substrate.
recovered in fraction I (PI) at pH 6 and 6.5. Fraction I from the control (NI) was devoid of this activity. In both cultures, the intracellular fraction II (NII and PII) enzymes had more acidic pH optima. For purposes of comparison, the pH profile of an epidermal extract from the same patient was determined at the same time, and is included in Fig. 7 .
The solubilization of 3H-labeled epidermal substrate by fraction I from pemphigus IgG-treated epidermal cultures was linear during a 30-h incubation period (Fig. 8) (20) , chymotrypsin (21) , and papain or elastase (22) , are capable of producing epidermal acantholysis when injected into excised skin, and Stoughton (23) extracted an enzyme(s) from the feces of patients with ulcerative colitis which caused acantholysis on formalin-fixed skin sections. Evidence that the source of hydrolytic enzymes is the skin itself includes the observation that mild heating of excised skin specimens produced acantholysis and dermal-epidermal separation, both of which were prevented by sulfhydryl inhibitors (24) . Acantholysis induced by cantharidin also appears to be mediated by enzymes (24) . Our model differs in that the stimulus for acantholysis is provided by the pemphigus autoantibody.
In a recent study, Farb et al. (25) have shown that cultured monolayers of mouse epidermal cells grown in 2% pemphigus serum became detached from the culture dish more easily than cells grown in normal serum. This effect was prevented by soybean trypsin inhibitor and a2-macroglobulin. They postulated that this phenomenon, as well as acantholysis, was mediated by the release or activation of a neutral protease from the epidermal cells. They also reported that 2% pemphigus serum had no effect on protein synthesis by these cells. This is not surprising, because the resulting titer of the pemphigus antibody in their experimental system was <10. Our experiments clearly demonstrated that protein synthesis was unaffected by antibody titers lower than 50. It is possible that these low titers induced the release of small quantities of enzymes between the cell surface and the culture dish and caused the observed poor adherence of cells, but that the amounts were insufficient to cause cellular damage and inhibition of protein synthesis.
We have examined two other cultured cell lines for interaction with pemphigus IgG (unpublished results). Even at high antibody titers, we could not demonstrate antibody binding to guinea pig epidermal cells in monolayer culture and could not demonstrate effects on protein synthesis, partitioning, or cell viability. On the other hand, the BE cell line (derived from human epidermis (26)) did display weak binding of pemphigus IgG. This interaction resulted in a small shift in the partitioning ofproteins from the insoluble phase, but there was no effect on total protein synthesis or cell viability. That guinea pig epidermal monolayer cultures did not react with pemphigus IgG is not surprising, and perhaps predictable. The cells in these cultures are replicating and, by definition, the only epidermal cell type which is capable of replication in vivo or in vitro is the basal cell. The basal cell is not a target cell for the pemphigus antibody. On the other hand, the BE cell is a transformed cell line and therefore not a "normal" basal cell. This may explain the binding of pemphigus antibodies to this cell and the small shift in partitioning we observed.
The pemphigus IgG-associated decrease in radioactively labeled proteins by cell suspensions could result from inhibition of protein synthesis and(or) by increased degradation as a result of hydrolytic enzyme activity. The experiments presented here do not allow for an evaluation as to the extent to which these opposing processes contributed to the overall accumulation. We do feel confident, however, that degradation and inhibition of protein synthesis both occurred, even though we cannot be certain which occurred first. The experiments which deal with hydrolytic enzyme activities support the conclusion that degradation played a role. Evidence that protein synthesis was inhibited is less direct. Kinetic studies demonstrated that accumulation of newly synthesized proteins ceased nearly 1 h before solubilization began, and suggested that hydrolytic enzymes were released or activated after the inhibitory effect on protein synthesis. In autoradiographic experiments with whole skin in organ culture (6, 7) we showed that during 2-h pulses with [3H]uridine or 3H-amino acids, the suprabasilar autoantibody "target" cells were completely devoid of silver grains at a time when the basal cells were unaffected. Because both cell types shared a common milieu, it is unlikely that hydrolytic enzymes would have differentially degraded only the macro-molecules of the target cells. Finally, because 75% of the cells cultured with pemphigus IgG did not exclude trypan blue, it must be assumed that they were no longer viable, and would not synthesize protein. Despite evidence that protein synthesis was inhibited in epidermal cells after interaction with pemphigus IgG, it is clear that more was involved in the process than simple inhibition. When the molecular weight profiles of the labeled proteins which accumulated in control or pemphigus IgG-treated cultures were compared by a double-label technique with sodium dodecyl sulfate polyacrylamide gel electrophoresis, qualitative differences were noted. These differences could have resulted from differential inhibition of some species and(or) partial degradation of similar species.
It is important to emphasize that the effects of pemphigus IgG seen in cell suspension culture, whole epidermal culture, or whole skin culture were independent ofcomplement, and consequently the classical mechanisms by which antibodies lyse cells do not apply to pemphigus IgG. This is consistent with the known fact that the pemphigus antibody does not fix complement in vitro (27, 28) . Although reaction products from complement activation have been found in the blister fluid from pemphigus patients (29) and C3, Clq, C3PA, and properdin have been found to be deposited in the acantholytic lesion (30) , these products are not deposited with the autoantibody in perilesional skin, and may only represent secondary reactions as a response to the lesion. The exact role of complement in producing tissue damage in pemphigus remains to be established.
We propose the following events to account for the mechanism of pemphigus acantholysis. Initially, the antibody interacts with antigen(s) located on the surface of the epidermal suprabasilar target cell and this interaction results in a perturbation of the cell surface. As a result, the integrity of the surface is lost, and at some point RNA and protein synthesis ceases. One can speculate that formation of immune complexes could in a somewhat nonspecific way interfere with normal cell function, for example by upsetting delicate balances between the normal feedback mechanisms for synthesis and turnover of key components of the cell surface and ICS. As a result of these perturbations, hydrolytic enzymes are released, induced, or activated from the keratinocyte and autolysis begins to occur. The enzymes which underwrite this autolysis are of such a nature that the characteristic acantholytic cell is produced.
